When considering the genetic implications of immigrant gene flow, it is important to evaluate both the proportions of immigrant gametes and their genetic composition. We simultaneously investigated paternal and maternal gene flow in dispersed seeds in a natural population of Pinus densiflora located along a ridge. The paternity and maternity of a total of 454 dispersed seeds (in 2004 and 2005) were accurately and separately assigned to 454 candidate adult trees, by analyzing the nuclear DNA of both diploid biparentally derived embryos and haploid maternally derived megagametophytes of the seeds. The relative genetic diversities and differences between within-population and immigrant groups of both paternally and maternally derived gametes (4 groups) that formed the genotypes of the seeds were evaluated. Using 8 microsatellite markers, we found that 64.0-72.6% of paternally derived gametes, and 17.8-20.2% of maternally derived gametes, were from other populations. Principal coordinate analysis showed that the 4 gamete groups tended to be plotted at different locations on the scattergram, indicating that they each have different genetic compositions. Substantial paternal and maternal immigrant gene flow occurred in this population, and therefore, the overall genetic variation of dispersed seeds is enhanced by both paternally and maternally derived immigrant gametes. Key words: genetic composition, immigrant gene flow, maternal gene flow, megagametophyte, paternal gene flow, Pinus densiflora
The genetic composition and structure of plant populations are affected by several genetic forces such as genetic drift, selection, mutation, and gene flow (Epperson 1993; Hamrick and Nason 1996) . Gene flow, mediated by paternally and maternally inherited gene movements, is one of the most important components of genetic dynamics, supplying genetic variation into a population and suppressing differentiation among populations (Slatkin 1985; Ennos 1994; Niegel 1997) . Dispersed seeds, which comprise the genetic composition of the next generation, are the products of such gene movements. Therefore, to understand more clearly the mechanisms by which genetic variation is maintained within a particular population, it is important to evaluate the degree of immigrant gene flow from surrounding populations and the implications for the genetic composition of the dispersed seeds.
Immigrant gene flow has previously been evaluated in theoretical studies of interpopulation genetic structure (e.g., Slatkin 1985; Petit et al. 1993; Ennos 1994; reviewed in McCauley 1995) , mainly in terms of the average number of immigrants exchanged per generation among a set of populations (island model; e.g., Wright 1943) , that is, indirect estimates from the larger scale of genetic dynamics. More recently, progress in the use of molecular markers has enhanced genetic resolutions, facilitating a number of studies that directly measure gene-flow patterns in woody species (e.g., Chase et al. 1996; Dow and Ashley 1996; Streiff et al. 1999; Isagi et al. 2000) and then evaluate the withinpopulation genetic variation based on a smaller scale of genetic dynamics (e.g., Nakanishi et al. 2005; Sato et al. 2006) . The above studies have accumulated information with regard to gene-flow distances, proportions of immigrant or long-distance gene flow, and individual-level mating patterns or reproductive successes. However, there has been little evaluation of the genetic composition (genetic diversity or heterogeneity) of the immigrant genes. To understand more clearly how immigrant gene flow contributes to the within-population genetic variation, it is important to evaluate both the proportion of immigrant gene flow and the composition of the dispersed genes. This is because, even if the proportions of immigrant gene flow are similar, genetic variation within the population is more likely to be maintained when the dispersed genes are spatially or temporally heterogeneous or diverse (Streiff et al. 1999; Irwin et al. 2003; Nakanishi et al. 2005) . Therefore, if the assemblies of immigrant gametes derived from other populations at a particular time have different genetic compositions to gametes from within the focal population, such immigrant gametes should have a positive effect on the overall genetic variation of the dispersed seeds in that population.
Gene flow consists of two cascading processes, paternal and maternal gene flow mediated by pollen flow and seed dispersal. Simultaneous evaluations of both pollen flow and seed dispersal are needed to examine the relative genetic implications of paternal and maternal gene flow for overall gene flow (Richardson et al. 2002; Bacles et al. 2006; Garcia et al. 2007) , because the genotypes of dispersed seeds are the result of equal numbers of paternally and maternally derived gametes. Individuals in many woody species do not invest equal reproductive effort into paternal and maternal functions, and this leads to heterogeneous or skewed contributions of paternal and/or maternal parents of the seeds (e.g., Dow and Ashley 1996; Aldrich and Hamrick 1998; Schnabel et al. 1998) . Therefore, paternally and maternally derived gametes may have different genetic compositions, in addition to the differences between withinpopulation and immigrant gametes. However, very few studies have examined both pollen flow and seed dispersal simultaneously and with high accuracy. Previous studies of gene flow have used ordinary parentage analysis, which assumes that the nearer parent is the maternal parent (e.g., Dow and Ashley 1996; Isagi et al. 2000; Sato et al. 2006; Nakanishi et al. 2008) , and in some studies, more accurate analyses using seed coats (e.g., Godoy and Jordano 2001) or nuclear and organellar genomes (e.g., Lian et al. 2008 ; see also Discussion).
Pinus densiflora Sieb. et Zucc. is one of the most important forestry Pinus species in Japan. This species is often dominant on sterile sites such as along ridges (Nakagawa 2003) but is absent in ravines. Therefore, its distribution at the regional scale is discontinuous but not fully isolated, such that the trees on each ridge could be considered a ''subpopulation.'' Immigrant gene flow should occur more frequently in populations surrounded by nearby populations, compared with more widely separated populations. Furthermore, this species is monoecious, wind pollinated, and predominantly outcrossing; and its small seeds (7.0-12.0 mg; Nakayama and Kobayashi 1981) are winged and largely wind dispersed. Thus, the seeds are likely to be extensively dispersed like pollen, as is observed or inferred in many Pinus species (e.g., Pinus taeda; Williams et al. 2006 ) and broad-leaved species with small seeds (Nathan et al. 2002; Goto et al. 2004; Bacles et al. 2006; Sato et al. 2006) . These reproductive traits and features of population distribution in P. densiflora mean it is important to quantify the proportions of both paternal and maternal immigrant gene flows and to evaluate their genetic compositions. Pollen flow in P. densiflora has been examined in an experimental forest (Lian et al. 2001 ) and in a seed orchard (Ozawa et al. 2005) by analyzing seeds sampled from specified maternal trees. However, gene flow in natural populations, which is important for in situ conservation of the natural genetic resources of P. densiflora, has not been examined in terms of either paternal or maternal gene flow.
In this study, we simultaneously evaluated both paternal and maternal gene flows in dispersed seeds in a natural population of P. densiflora in 2 consecutive years. We analyzed the nuclear DNA in both diploid biparentally derived embryos and haploid maternally derived megagametophytes of seed tissues. This procedure can be applied to the seed dispersal stage of coniferous species to identify paternities and maternities accurately and separately, by using megagametophyte haplotype data (MH procedure: Iwaizumi et al. 2007; see Discussion) . Thus, we quantified the amount of paternal and maternal immigrant gene flows in this population. We then evaluated the relative genetic diversities of, and differences between, the paternally and maternally derived immigrant and within-population gametes that formed seeds. We also examined the implications of the paternal and maternal immigrant gene flows for the overall genetic composition of dispersed seeds; in order to gain a better understanding of the role of immigrant gene flow in the maintenance of within-population genetic variation.
Materials and Methods

Study Site and Sample Collection
The study site was located along a ridge in the Abukuma Highlands Forest Bio-genetic Resources Preservation Forest, Iwaki, Fukushima Prefecture, eastern Honshu, Japan (Figure 1; 37°10#N, 140°51#E ; 330-390 m a.s.l.). Pinus densiflora was the dominant tree species on the ridge, growing with high density (610 trees/ha) and occupying 73.6% of the total basal area of tree species larger than 5 cm in diameter at breast height (data from a 0.28-ha plot in the center of this population; Iwaizumi et al. 2008) . Adult trees of this species also grow densely on neighboring ridges to the northwest and southeast. These ridges are at least 100 m away, and P. densiflora is completely absent in the intervening ravines. Thus, the study site landscape can be regarded as a discontinuous P. densiflora forest. A 3.75-ha study plot (250 m in the northeast-southwest direction and 150 m in the northwest-southeast direction) was delineated so as to include all adult trees in the population growing on the ridge.
From May 2004 to December 2006, a total of 454 living adult trees within the study plot were mapped, and a piece of internal bark approximately 2 cm 2 was sampled from each tree for DNA extraction. Five seed traps (traps 1-5) were set up for about 3 months, from early September to mid-December, in 2 consecutive years (2004 and 2005) . The 5 traps were located within the study plot in a line along the ridge at 20-m intervals, so that trap 3 was located at the center of the plot (Figure 1 ). Our previous study (Iwaizumi et al. 2007 ) investigated 288 adult trees and conducted parentage analysis of dispersed seeds collected in 2004 at 3 traps (traps 1, 3, and 5). In the present study, we investigated an additional 166 adult trees, added 2 traps, and analyzed the seeds across 2 years. The adult tree-sampling scheme included all candidate parents located within a radius of at least 75 m of any seed traps. Because adult trees were completely absent in the neighboring ravines, this coverage was effectively at least 100 m (Figure 1 ). Dispersed seeds were collected from the 5 seed traps and stored at À30°C until DNA extraction.
DNA Extraction and Microsatellite Analysis
Each adult tree bark sample was immersed in liquid nitrogen and then ground using a zirconia-ball mill. DNA was extracted from the barks sampled in 2004 and 2005 with a DNeasy Plant Mini kit (Qiagen Inc., USA), and then purified with a Geneclean Turbo kit (Biohit Inc., Finland) or a MagExtractor (Toyobo Inc., Japan). DNA in the 2006 samples was extracted using a modified cetyl trimethylammonium bromide method (Shiraishi and Watanabe 1995) . Seed samples collected from the seed traps were divided into different seed tissues, that is, embryo (2n) and megagametophyte (n), which were individually assayed in the DNA analysis (see also Iwaizumi et al. 2007 ). For the seed samples, DNA extraction from seed samples and purification were performed with procedures similar to those used for the adult trees.
Our previous study (Iwaizumi et al. 2007 ) used 5 microsatellite (simple sequence repeat, SSR) markers to genotype the adult tree and seed samples: Pdms009 and Pdms011 (Watanabe et al. 2006 ); Pde14 (Lian et al. 2000) ; and bcpd006 and bcpd502 (Isoda K, unpublished data). In the present study, to improve the exclusion power of the parentage analysis, we used an additional 3 SSR markers: bcpd222, bcpt705 and bcpt834 (Isoda K, unpublished data); for a total of 8 SSR markers. Polymerase chain reaction (PCR) amplification was at first performed using the GeneAmp PCR System 9700 version 3.05 (PE Applied Biosystems Inc., Germany), and the thermal reaction conditions described by Iwaizumi et al. (2007) were used until 2005. From 2006 onward, to enhance the experimental efficiency, a Multiplex PCR kit (Qiagen Inc.) was used, and the PCR reaction was modified to follow the standard SSR reaction conditions recommended by the manufacturer. The amplified fragment size was determined with an automated DNA sequencer, ABI PRISM model 3100 (PE Applied Biosystems Inc.). The sizes of the amplified fragments were standardized with a GENESCAN-350 ROX Size Standard (PE Applied Biosystems Inc.) or a GENESCAN-500 LIZ Size Standard (PE Applied Biosystems Inc.; for the PCR products amplified with the Multiplex PCR kit). The 8 loci were then genotyped using a Genotyper 3.7 (PE Applied Biosystems Inc.). To confirm the polymorphisms of the 8 microsatellite markers within the adult-tree population, the number of alleles per locus, the effective number of alleles per locus, the observed and expected heterozygosity of the locus (H O and H E , respectively), and the total parentage exclusion power were calculated using Cervus 3.0 software (Kalinowski et al. 2007) .
Parentage Analysis
For the seed samples, paternal and maternal gametic phases were discriminated by comparing the embryo genotype with the maternally inherited megagametophyte haplotype. This enables simultaneous and accurate estimation of paternity and maternity, and it improves resolution in parentage analysis. The detailed procedure for this parentage analysis is described as the ''MH procedure'' by Iwaizumi et al. (2007) . If H O was significantly lower than the corresponding H E at any of the 8 analyzed loci, a null allele at that locus was possible. For these loci, we checked if there were seeds whose embryo genotypes were homozygous and if the corresponding megagametophytes yielded a null amplification. For such seeds, the embryo genotypes at that locus were considered to be heterozygous for a null allele. This interpretation may have overestimated the number of parent-seed matches within the study plot but is conservative in terms of excluding any true parents ( Dow and Ashley 1996; Lian et al. 2008) . For seeds in which 2 or more adult trees in the study plot were assigned as the paternal and/ or maternal parents (multiple matching), the maximumlikelihood method (Marshall et al. 1998 ) was used to select the most likely parent from the nonexcluded candidate parents, by calculating a logarithm of the likelihood ratio ( LOD score) using Cervus 3.0. Significance tests for each assignment were conducted using computer simulations, running 10,000 iterations with 95% strict confidence levels and 80% relaxed confidence levels. For each assignment of paternity and maternity, the probability that an adult tree within the study plot matched unrelated paternal or maternal gametes of the seeds by chance (cryptic gene flow) was also calculated following the procedure of Dow and Ashley (1996) , using the observed frequencies for each allele in the adult-tree population.
We assigned analyzed seeds to 1 of the following 4 parentage groups; 1) both parents matched, that is, seeds dispersed from local trees and fertilized by local pollen, 2) maternity matched only, that is, seeds dispersed from local trees but fertilized by immigrant pollen, 3) paternity matched only, that is, immigrant seeds fertilized by local pollen, and 4) neither parent matched, that is, immigrant seeds fertilized by nonlocal pollen. The annual proportion of paternal immigrant gametes in each year was defined as the sum of the proportions of 2) and 4); and the annual proportion of maternal immigrant gametes as the sum of 3) and 4).
The number of seeds contributed by each paternal and maternal parent within the study plot in each year was counted, and chi-square tests for goodness of fit (v  2 ) were conducted to assess whether or not the contributions were skew in each year. The paternal and maternal geneflow distances were also calculated, defined as the distances between the seed trap into which the seed dispersed and each of the paternally and maternally assigned parent trees.
Gamete Grouping and Divided Genetic Compositions of Dispersed Seeds
To examine the relative genetic implications of paternal and maternal gene flows from within and outside the population for the overall genetic composition of dispersed seeds, the maternally and paternally assigned haplotype data were each classified into 2 gene-flow categories, based on whether they were derived from parents within or outside the population. Thus, the genetic data of each dispersed seed collected over the 2 years were classified into 1 of 4 gamete groups according to parentage and gene-flow category, that is, paternal-within, paternal-outside, maternal-within, and maternal-outside.
To compare the genetic diversity of the 4 gamete groups in 2004 and 2005, allelic richness (A R ; El Mousadik and Petit 1996) and gene diversity (H S ; Nei 1987) were calculated for the 8 analyzed loci, using FSTAT version 2.9.3 (Goudet 2001) . A R can be regarded as the number of alleles per locus compensated for a certain sample size (g), which was set at 27 for every gamete group in both years, based on the smallest sample number (28 seeds for the maternal-outside gamete group in 2005; see Results). Differences in the mean A R and H S values among the 4 gamete groups for each year were tested by Wilcoxon signed-rank tests (W; N 5 8) using STATISTICA (StatSoft Inc. 1999) , on the basis that the A R and H S values at each unlinked locus were the units of replication (Spencer et al. 2000) . Parental richness values (as well as the ''pollen parental richness'' which is the number of contributing paternal parents compensated for a certain sample size; Nakanishi et al. 2005) were also calculated for both the paternal-within and maternal-within gamete groups in each year. These values were calculated in the same way as allelic richness (see also Nakanishi et al. 2005 ) using FSTAT, with g set at 42 for the 2 gamete groups in both years (the smallest sample number was 43 for the paternal-within gamete group in 2005; see Results).
Principal coordinate analysis (Gower 1966) was carried out to examine differences in genetic composition among the 4 gamete groups over the 2 years, using PCO version 2.0 (Iwata 2005) . This analysis is a multivariate genetic method based on the matrix of pairwise genetic identities (Nei 1972 ) among a total of 8 groups (4 gamete groups Â 2 years). Unbiased estimates of genetic identity values were calculated using POPGENE version 1.31 (Yeh and Boyle 1997) . Pairwise F ST values (Weir and Cockerham 1984) among the 8 gamete groups were also calculated using FSTAT, and the significances were tested by comparison of 95 and 99% confidence intervals acquired by bootstrapping across the loci.
Results
Allelic Diversity of the Adult Tree Population 1pt?>The number of alleles per locus at the 8 microsatellite loci in the adult-tree population ranged from 12 (Pdms011) to 33 ( bcpd006), with a mean of 22.6. The effective number of alleles per locus of this population ranged from 5.0 ( bcpt834) to 13.7 ( bcpd502), with a mean of 8.8. H E ranged from 0.800 ( bcpt834) to 0.928 ( bcpd502), with a mean of 0.874. Hardy-Weinberg equilibrium tests detected a significant deviation of H O (0.765) from the corresponding H E (0.834) at 1 locus ( bcpd222; P , 0.05). The total exclusion probability was 0.9996 for the first parent and 0.9999 for the second parent.
Parentage Analysis for Dispersed Seeds
A total of 354 seeds in 2004 and 184 seeds in 2005 were collected from the 5 seed traps. The multilocus embryo genotypes and the megagametophyte haplotypes of the seeds were obtained from a total of 297 and 157 mature seeds in 2004 and 2005, respectively. The remaining seeds could not be successfully analyzed because they were either empty or damaged. In total, 908 seed tissue samples (454 seeds Â 2 tissues) were genotyped.
A null allele was suspected at the locus bcpd222, because the embryo genotypes of some seeds were homozygous, and the corresponding megagametophytes yielded a null amplification (see Materials and Methods). Using the MH procedure, there were only 6 multiple-matching seeds for paternity and 2 for maternity. For these seeds, the most likely paternal or maternal parent was assigned using the maximum-likelihood method at 95% strict confidence levels. Parentage analysis for the dispersed seeds is summarized in Table 1 
Genetic Composition of the 4 Gamete Groups of Dispersed Seeds
Genetic Diversities
Genetic diversity parameters (allelic richness; A R , and gene diversity; H S ) for the 4 gamete groups of dispersed seeds in the 2 years are shown in Table 2 . The mean A R values for the paternal-outside gamete group were significantly higher than those for any other gamete groups in both years (Wilcoxon signed-rank tests, N 5 8, P , 0.05). The mean A R values for the other 3 gamete groups were not significantly different from each other in 2004. The mean A R value for the maternal-within gamete group in 2005 was significantly higher than those for the paternal-within and maternal-outside gamete groups. The maternal-outside gamete group had the lowest mean A R values in both years. The mean H S values were highest in the paternaloutside gamete group in both years and significantly higher than the value for the paternal-within gamete group in 2004 
Genetic Differences
The scattergram of the 8 gamete groups based on the first and second scores in the principal coordinate analysis is shown in Figure 4 . The variance components of the first and second scores totaled 58.7%, and the cumulative contribution from the first to the fourth scores was 86.2%. The 4 gamete groups plotted to distinct areas on the scattergram. The paternal-outside gamete group was located close to the origin of the axes, and the other 3 gamete groups were located further from the origin in different directions. Each of the 4 gamete groups was located in similar positions on the scattergram in both years, but all were further from the origin in 2005.
The mean F ST value of the 4 gamete groups between the 2 years (N 5 4) was 0.0014, and the individual value was significantly greater than zero (P , 0.05) in only 1 group (maternal-within). The mean F ST value among the 4 gamete groups within each year (6 pairs each year; N 5 12 for 2 years) was 0.0068, and the pairwise value was significantly greater than zero in 7 of the total 12 pairs.
Discussion
Simultaneous Evaluations of Paternal and Maternal Immigrant Gene Flow in P. densiflora
Using simultaneous evaluations of paternal and maternal gene flows, we have successfully quantified the overall immigrant gametes in a population of P. densiflora over 2 years and determined the relative proportions of paternal and maternal immigrant gametes (Table 1 and Figure 2) . In both years, more than 40% of the total gametes were immigrant. As to be expected, there were higher proportions of immigrants in the paternal gametes (64.0% and 72.6%) than in the maternal gametes (17.8% and 20.2%; Figure 2 ). However, approximately 20% of the total immigrant gametes were maternally derived in both years (see Results), and this indicates that there is substantial maternal immigrant gene flow in P. densiflora.
In a study of a sparse population of Prunus mahaleb, an insect-pollinated and bird-dispersed broad-leaved species, Garcia et al. (2007) also examined the importance of relative contributions of pollen and seeds to overall gene immigration. They carried out maternity assignments of seeds using maternally inherited seed coats, and compared the proportions of immigrant gametes carried by seeds with previously examined pollen flow (Garcia et al. 2005) . In the approximately 20-ha study area that included 196 adult trees, 18.5% of the gametes (208.5 of a total of 1127 gametes, corrected for cryptic gene flow) were classified as immigrants, and of these, 90.6% (189 gametes) were carried in seed, including both the paternally and maternally derived gametes. This indicates that seed dispersal by frugivores was the predominant means of the overall gene immigration. The authors also suggested that, unlike the wind-borne pollen in P. densiflora, there was restricted pollen immigration in Prunus mahaleb due to the patchy distribution of the adult trees coupled with their nonoverlapping phenology. These results, and the results from P. densiflora reported herein, underline the importance of simultaneously examining detailed paternal and maternal gene flow in various tree species.
Gene flow among patches or subpopulations is considered to be one of the important dispersal categories that can have key biological and physical features (Nathan 2006) . For tree species like P. densiflora in which populations with a high-tree density tend to be discontinuously distributed, both paternal and maternal gene immigrations from neighboring or more distant populations would have biological implications for within-population genetic variation. Sato et al. (2006) studied gene flow in Cercidiphyllum japonicum, a broad-leaved dioecious tree species that has small, winged seeds that are dispersed by wind (0.5-0.7 mg per seed; Katsuta et al. 1998 ). In a 20-ha study plot, 117 candidate adult trees and 212 seedlings were assayed. About 65% of paternal and 15% of maternal gene flow extended more than 100 m, suggesting that long-distance gene flow mediated by both pollen and seed is common in this species. Goto et al. (2004) investigated the maternities of a regenerated sapling population of Betula maximowicziana, which has small seeds (0.3-0.4 mg per seed; Katsuta et al. 1998) . When 2 scarified patches were clear cut with one seed tree remaining in each patch, the genetic contribution of each seed tree to the new saplings in the same patch was surprisingly low (less than 5%), suggesting that extensive gene flow is promoted by long-distance seed dispersal from other patches. In a Pinus species, Williams et al. (2006) simulated long-distance dispersals of P. taeda seeds and estimated that the seeds can be dispersed at least several hundred meters, or even tens of kilometers. The authors suggested that the lighter seeds may be captured by ascending air currents and lifted above the canopy (see also Nathan et al. 2002) . Our studied population of P. densiflora is located on a ridge surrounded by ravines. Ravines are considered to be topographic barriers to maternal gene flow, but ascending air currents from ravines might lift seeds upwards and facilitate immigrant dispersals. Thus, the extensive maternal immigrant gene flow found in our study of P. densiflora could be related to the seed characteristics of Pinus species, such as the small size of the seed and the samara. 
Differences in Genetic Composition among the within-Population and Immigrant Groups of Both Paternallyand Maternally Derived Gametes
The genotypes of dispersed seeds are the result of assemblages of gametes derived from both paternal and maternal parents located within and outside the population. In this study, we have clarified the implications of immigrant gene flow for genetic variation in the dispersed seeds in a natural population of P. densiflora. In the principal coordinate analysis, the 4 gamete groups plotted to different locations on the scattergram (Figure 4 ), indicating they possessed differing genetic compositions. If there were less paternal or maternal immigrant gene flow in this population, the genetic composition of dispersed seeds would mostly be a result of gametes derived from parents within the population. The overall genetic variation of the dispersed seeds would be enhanced by the large proportions of both paternally and maternally derived immigrant gametes and their heterogeneous genetic compositions. These results underline the importance of evaluating both the proportions of paternal and maternal immigrant gene flow and their genetic compositions, in order to understand the processes by which gene flow contributes to the within-population genetic variation. The paternal-outside gamete groups were located near the origin of the scattergram axes (Figure 4 ), indicating that this gamete group, derived from diverse pollen donors outside the population, possessed the most diverse and heterogeneous genetic composition. This is consistent with this group having significantly larger mean A R and H S values than the other gamete groups in both years ( Table 2 ). The other 3 gamete groups were variably deviated from the origin (Figure 4) . Interestingly, each gamete group deviated further from the origin in 2005, the year with less dispersed seeds. This finding could be partly due to genetic drift related to the smaller sample size, because genetic drift is generally more evident when the effective population size is smaller (Hertl and Clark 2007) . It may also explain the consistent and relatively large deviations from the origin of the scores for the maternal-outside gamete group in both years, because the sample size of this group in each year was the smallest among the 4 gamete groups (60 and 28). The maternalwithin gamete group also deviated substantially from the origin in both years, despite large sample sizes (237 and 129), indicating constantly skewed maternal reproductive success within the population. This is concordant with the unequal contributions of maternal parents within the population (see Results), even though there is no such inequality among the within-population paternal parents. Furthermore, the significant positive relationship between contributions across the 2 years (see Results) also indicates consistently large contributions to dispersed seeds by particular maternal parents. Such skewed maternal reproductive successes are generally observed in parentage analyses of broad-leaved species (e.g., Dow and Ashley 1996; Aldrich and Hamrick 1998; Schnabel et al. 1998 ) and coniferous species (GonzalezMartínez et al. 2006; Lian et al. 2008) .
Another feature of the principle coordinate analysis was that each of the 4 gamete groups plotted at similar locations on the scattergram in both years (Figure 4) . Also, the mean F ST value of the 4 gamete groups between the 2 years was lower than the mean pairwise value among the groups within years (see Results). This suggests that the genetic composition of each gamete group was relatively constant over the 2 years, relative to differences between the parentage or gene flow categories. Irwin et al. (2003) also found year-to-year consistency in paternal allele frequencies in a natural mimosa (Alvizia julibrissin) population, and it was suggested that this would be more likely for species with consistent annual flowering. Nakanishi et al. (2005) found significant interannual genetic heterogeneity of pollen pools within a Quercus salicina population, which belongs to a genus that has large annual fluctuations in flowering fecundity (e.g., Koenig et al. 1994; Ubukata 2003) . The consistent genetic composition of each gamete group during the 2 years of this study of P. densiflora is concordant with the relatively small interannual variation in reproductive effort in this species (Nakayama and Kobayashi 1981) .
In this study, we have evaluated both paternal and maternal within-population and immigrant genetic compositions at the seed dispersal stage in P. densiflora. The results suggest that the overall genetic composition of dispersed seeds in this population is affected largely by 2 factors, 1) the pattern of different genetic composition in the 4 gamete groups, and 2) the degrees of paternal and maternal immigrant gene flow, which is related to the relative proportions of gametes in each group.
Analysis of Different Seed Tissues in Dispersed Seeds of Conifers
Haploid megagametophyte tissue has often been used in population genetics studies of Pinus species over the last 3 decades (e.g., Müller 1977; Cheliak and Pitel 1984 ; see also Iwaizumi et al. 2007 ). Megagametophyte-embryo genetic assays in conifer species can also be used to analyze gene flow, confirming inheritance modes from parent to seed tissues using SSR markers (Ziegenhagen et al. 2003; Iwaizumi et al. 2007 ). The results in this study could not have been obtained without discriminating between the paternally and maternally inherited alleles of the seeds, assigning those paternities and maternities separately and accurately, dividing their multilocus genotypes into 4 gamete groups and evaluating their genetic diversities and differences simultaneously. Building on the work of earlier megagametophyte and embryo genetic studies, these steps can be achieved using the MH procedure (Iwaizumi et al. 2007 ).
In 4.6% of the seeds analyzed in this study, only the paternal parent could be assigned (21 of 454 seeds in 2 years; Table 2 ). Also, in 34.9% of the seeds (45 seeds) in which both parents were assigned from within the study plot (a total of 129 seeds in 2 years; Table 2), the maternal geneflow distance was greater than the paternal gene-flow distance (data not shown). Had we used ordinary parentage analysis, which assumes that the nearer parent is the maternal parent (e.g., Dow and Ashley 1996) , assignments of paternal or maternal parents for those seeds would have been wrongly reversed. Such inaccurate assignments would not only underestimate maternal gene-flow distances but also cause inverse miscounts of the paternal and maternal reproductive successes of each tree. Previous molecular studies have revealed that the proportion of fertilization pairings at shorter distances increases in dense or clumped adult tree populations (Dick et al. 2003; Garcia et al. 2005) . Therefore, in dense populations of dominant tree species such as P. densiflora, high analytical resolution is needed to assign parentages separately and accurately from a large number of nearby candidates. This is also discussed in the parentage analysis of a dense population of the mangrove species, Kandelia candel (Geng et al. 2008 ; see also the next paragraph).
The options for achieving separate parentage identifications include assaying the entirely maternally inherited seed coat (e.g., Godoy and Jordano 2001; Garcia et al. 2007 ), or more recently, the combined use of the biparentally inherited nuclear genome and the uniparentally inherited organellar genome (i.e., chloroplast SSRs: Geng et al. 2008; Lian et al. 2008) . The utility of uniparentally inherited seed tissues such as the megagametophyte or seed coat is restricted to the life stages of a seed or current-year seedling, whereas organellar markers are available for all life stages ). On the other hand, precise assortment of genotypes to maternal and paternal gametic phases has only been enabled by haplotyping or genotyping uniparentally inherited seed tissues. Using nuclear and organellar markers, maternal and paternal gametic phases cannot be firmly distinguished for seeds for which either of the parents is not identified. Therefore, when the genetic composition of each gene-flow component is to be clarified in addition to assigning parentage or estimating gene-flow distances, haplotyping or genotyping uniparentally inherited seed tissues (megagametophytes for coniferous species) can be an effective option.
Conclusions
In a 2-year investigation, we found large proportions of paternal and maternal immigrant gene flow in a natural population of P. densiflora, with implications for the overall genetic composition of dispersed seeds. Gene flow is an important component of continuous genetic dynamics within the population, and investigation of more than 2 years of gene flow is required to understand in detail the mechanisms maintaining the genetic variability of populations. Insights obtained from detailed gene-flow patterns in P. densiflora are important and are needed to monitor the genetic history or possible genetic changes in populations and to develop strategies for successful protection and regeneration.
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